Micropiles are drilled and grouted piles having diameter between 100 to 250 mm. Due to its small diameter, it is suitable for low headroom and limited work area conditions. It can be installed without noise nuisance, without vibrations to surrounding soils and structures and without disruption to the production operations in industries which makes micropiles suitable for underpinning and seismic retrofitting of structures. It is necessary to therefore understand the behaviour of micropiles under different loading conditions. This work is on vertical and battered micropiles with different length/diameter ratio (L/D) subjected to vertical and lateral loading conditions. Batter angles had a significant influence on both the vertical and lateral load carrying capacity. The ultimate vertical load was found to increase upto a 30˚ batter. The ultimate lateral load was found to increase significantly with increasing L/D ratios upto an L/D ratio of 30 for vertical and 48 for battered piles, beyond which the increase was found to be not significant. In general, negative battered micropiles offered more lateral resistance than positive battered micropiles. The results of the study indicated that the ultimate load capacity and mode of failure of the micropiles are a function of the angle of batter, direction of batter and the L/D ratio for vertically and laterally loaded micropiles.
Introduction
Micropiles have been in use for more than 50 years. Originally, they were conceived as innovative solutions to aid in difficult post war reconstruction efforts.
Over the past 20 years, micropile technology has expanded significantly and has evolved from the concept of low capacity micropile networks to the use of single, How to cite this paper: Sharma, B., & Hussain, Z. (2019) . Behaviour of Batter Micropiles Subjected to Vertical and Lateral Loading Conditions. Journal of Geoscience and Environment Protection, 7, high capacity elements. These small elements allow engineers to solve some difficult structural support problems involving high loads and restricted access.
Engineers and researchers are now giving renewed attention to micropile networks as technically and economically viable solutions to problems of slope stabilization, lateral loading and seismic retrofit.
Micropile is a very flexible pile. Due to its high slenderness ratio and its ductile steel core, it can exhibit flexible behaviour under dynamic loading and can be used for seismic retrofitting of structures. In Italy foundation with root pile have already survived several earthquake of high intensity. In very recent years the use of micropiles for seismic retrofitting of existing foundations has been investigated by Public Work Research Institute (PWRI), Japan. Through joint research with 13 other private companies, PWRI has confirmed that micropile method for seismic retrofitting has superior execution properties under severe condition.
The significance of micropiles in soil reinforcement and in retrofitting and underpinning works are reported in literature by various researchers (Schlosser & Juran, 1979; Sabini & Sapio, 1981; Lizzi, 1978; Lizzi, 1982; Lizzi, 1983; Soliman & Munkofh, 1988; O'Neil & Pierry, 1989; Ting & Nithiraj, 2000; Bruce, 1995; Noorzad & Saghaee, 2009 ). Noorzad & Saghaee (2009) studied the effect of inclined micropiles under seismic loading using numerical methods. Their analysis showed that inclined micropiles performed well under seismic loading. The inclined micropiles showed an increase in axial force and a decrease in shear force and bending moments with increasing batter angle due to seismic loading. Sadek & Isam (2004) provided valuable information about the influence of micropiles inclination on dynamic amplification and on the seismic-induced internal forces in micropiles. Inclined grouted micropiles were also investigated through centrifuge test to study its effect on liquefaction remediation of soils (Mitrani & Madabhushi, 2005) . Seismic behaviour of micropiles was also investigated by many investigators (Benslimane et al., 1998; Juran et al., 2001; Yamane et al., 2000) . Micropile behaviour through model testing is also reported by various researchers (Sharma, 2011; Polous & Davis, 1980; Manfared, 2012; Broms, 1964) .
The work on batter micropiles is limited as compared to vertical micropiles.
In literature, experimental data on batter micropiles are rather scarce compared to that of vertical piles. This work is a parametric study on the behaviour of batter micropiles through model testing. This paper examines and presents the effect of batter angles of single micropiles on the ultimate vertical and lateral load carrying capacity in sand with a relative density of 50%. Though it is more common to utilize multiple or groups of micropiles (vertical and/or battered), it is of interest to study a single battered micropile subjected to vertical and lateral loading to better understand group behaviour. The prime objective of this study was to provide the experimental database to developed and evaluate design methods for engineering applications like slope stabilization, retaining systems and seismic retrofitting of foundations. was fixed at a height of 60 cm above the tank. Then sand was allowed to fall under gravity through the strainer till a height of 5 cm was filled up in the tank.
After filling up 5 cm, the strainer was lifted up by the same height of 5 cm in order to maintain a uniform relative density of 50%. In this process the whole tank was filled up keeping the height of fall constant. It was determined that when the height of fall was 60 cm, the obtained relative density of the sand was 50% which correlates to a unit weight of 16 kN/m 3 .
Loading Arrangement
The vertical and lateral loads were applied to the grouted piles by a mechanical jack system connected to a proving ring 
Micropiles-Properties and Installation
The model piles were grouted by an aluminium casing pipe having an outside and inside diameter of 1.2 cm and 1.0 cm respectively. The reinforcing element consisting of a 1.5 mm diameter mild steel rod was placed inside the casing pipe.
A 60˚ wooden conical shoe was attached to the bottom of the casing pipe to prevent sand from entering the casing during installation. The aluminium casing pipe, steel rod and wooden shoe were manually pushed as a unit into the sand in the model tank using a template made from a hollow wooden box with a hole at the top and bottom of the box. The two holes were aligned such that the desired inclination was obtained throughout installation. Maintaining a fluid head of 100 cm inside the casing as it was extracted in 2 cm lifts; the pile was grouted using a cement slurry mixture with a water cement ratio of 0.5. This process was repeated until the pile was grouted and the casing extracted. In order to have a free standing micropile, after grouting of the pile was completed, a 50 mm long aluminium pipe was attached to the top of the micropile at the ground surface essentially centering the steel rod in the casing. Additional cement slurry was poured into the pipe. Figure 2 shows the grouted batter micropiles in the model box. 
Test Results

Battered Micropiles Subjected to Vertical Load
To understand the behaviour of battered micropiles subjected to vertical loads, there is no effect of increase in L/D ratio on the ultimate vertical load in case of 45˚ batter. A possible reason for increase in ultimate load at 15˚ batter may be due to the passive soil resistance. This is true upto a particular batter angle beyond which the failure of the piles are mostly governed by structural and stiffness considerations of the piles.
The percentage increase or decrease of the ultimate load of the batter piles with respect to the vertical piles are tabulated in Observation of Figure 6 shows that fewer micropiles underwent geotechnical failure as the pile batter angle increased, which may be explained by the mobilisation of passive soil resistance. After a particular increase in pile batter angle the failure of the piles are mostly governed by structural and stiffness considerations of the piles.
Mode of Failure
Battered Micropiles Subjected to Lateral Load
Information on single battered micropiles subjected to lateral loading is rare.
The behaviour of single battered micropiles subjected to lateral loads have been studied through model testing and compared with the behaviour of vertical micropiles. For this study, a total of 50 micropiles were installed, grouted and tested. The angles of batters used for the experiments were +15˚ and +30˚ positive batter and −15˚ and −30˚ negative batter. Positive batter (i.e., opposite to the direction of loading) and negative batter (i.e., in the same direction of loading) micropiles are shown in Figure 8 . Laterally loaded piles exhibit rigid and flexible behaviour. To study this behaviour, the L/D ratios selected for study were 12, 18, 24, 30, 36, 42, 48, 56, 62 and 68 . The ultimate lateral load-deflection behaviour of micropiles having L/D ratio of 42 for variable batter angles is shown in Figure 9 where it is clear that the load-displacement relationship is nonlinear.
For the purpose of this experiment, the ultimate lateral resistance of the micropiles is defined as the point on the load displacement curve at which there is a continuous increase in displacement with no further increase in lateral load. For Journal of Geoscience and Environment Protection a given load, it can be seen that the lateral deflection measured at the ground surface was smaller for a negatively battered micropile than for a vertical micropile. Conversely, the lateral deflection was larger for a positively battered micropile than for a vertical micropile. This is due to the fact that there is limited lateral resistance for a positively battered micropile, but the resistance is greatest for a negatively battered micropile. Polous & Davis (1980) approach for conventional vertical pile that increasing the pile length beyond a particular length will not lead to an increase in ultimate vertical load.
Effect of Length to
In case of the positive battered micropiles, the ultimate lateral load is found to increase with increasing L/D ratio upto a L/D ratio of 42 above which the increase is not very significant. Figure 11 (a) presents the lateral displacement of micropile versus applied lateral load for 30˚ negative batter angle. The results presented in this figure and in Figure 12 show that micropile capacity increases with length upto L/D ratio of 48, after which the increase in ultimate lateral load with further increasing the length of micropiles is negligible. Hence it is observed that beyond a particular length the micropile behaviour is found to be similar. This is because beyond a particular length the pile behaves as a long pile, where cumulative passive resistance developed at the lower part of the pile is quite high due to which the pile cannot rotate and the pile fails by structural failure of the pile.
Influence of Pile Batter Angle
The influence of the batter angle of the micropile on the ultimate lateral load is illustrated in Figure 13 where it is seen that micropiles with a negative batter have more lateral resistance than micropiles with a positive batter. Based on the results of the experiments, it is clear that the ultimate load is more sensitive to the direction of batter ( Figure 13 ) than it is to the slenderness ratio.
It is reported that negative batter piles offer more lateral resistance than positive batter piles. This is explained by the fact that the soil reaction at ground level is zero for a positive batter pile and maximum for a negative batter pile, indicating that the upper soil support in a negative batter is enormous so that negative batter pile has larger lateral resistance. Even in case of micropiles, ultimate lateral resistance is found to be higher at 15˚ and 30˚ negative batter pile compared Numerical study on the effect of inclined micropiles was studied by Manfared, 2012 . The study was carried out using nonlinear FEM analysis. The investigation was on the behaviour of an inclined micropile subjected simultaneously to lateral load and bending moment. The results indicated that negative micropiles have higher load capacity than positive micropiles. It was further found that increasing the inclination angle in negative micropiles led to increase in lateral load capacity compared to vertical micropiles. In positive micropiles increasing the inclination angle upto 30˚ had contrary effects, in that it led to decrease in lateral load capacity compared to vertical micropiles. Increasing the inclination angle more than 30˚ had no notable effect on the micropile soil system. It was also observed by them that increasing the length of micropile has a less effect on soil-micropile system response. The observation of the present study has been found to agree with the numerical study of (Manfared, 2012) . Broms (1964) The mode of failure for different batter angles subjected to lateral loading is shown in Figure 14 . A photograph illustrating the mode of failure for the micropiles with a 30˚ negative batter is shown in Figure 15 .
Mode of Failure
In reviewing the results of the experiments, the phenomenon that fewer micropiles with a negative batter underwent geotechnical failure is explained by the fact that the soil resistance is greater at ground level for piles with a negative batter. Moreover, the mode of failure or whether the piles will behave as short 
Conclusion
An experimental model study was conducted to assess the effect of the main parameters on the performance of the battered micropiles. For battered micropiles subjected to vertical loads, the ultimate load carrying capacity of the micropiles was found to increase with increasing L/D ratio upto 30˚ batter. Upto 30˚ batter angle, there is no significant increase or decrease of the ultimate vertical pile load with respect to the vertical pile. The mode of failure is found to be a func- 
